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A B S T R A C T   

A detailed study of 137Cs redistribution was conducted within a small agricultural catchment in the highly 
contaminated Plavsk radioactive hotspot in the Tula region of Central Russia, 32 years after the Chernobyl 
nuclear power plant (NPP) accident, which occurred on April 26, 1986. Although more than three decades have 
passed since the Chernobyl NPP incident, 137Cs contamination is high. The 137Cs inventory varies from 67 to 306 
kBq⋅m− 2, which is 2–6 times higher than the radiation safety standard; however, the soils remain suitable for 
crop cultivation. The initial 137Cs fallout within the Plavsk radioactive hotspot was extremely heterogeneous, 
with a trend of decreasing 137Cs inventories from the NW to the SE directions within the studied territory. 
Contemporary 137Cs inventories are also very heterogeneous in the studied catchment. However, the trend of the 
initial 137Cs fallout does not appear in the contemporary 137Cs inventories on the slopes. Two methods of 
interpolation (expert-visual and automatic) were used to calculate the 137Cs budget, revealing high similarity in 
their 137Cs loss estimates; however, a large discrepancy was observed in their 137Cs gain estimates. A detailed 
analysis of 137Cs redistribution revealed the importance of hollows and “plow ramparts” (positive topographic 
forms on the boundaries of cultivated fields) in the transport and deposition of sediments. A quarter of the total 
137Cs gain was deposited within the arable land, whereas a quarter was deposited within the non-plowing sides of 
the dry valley; the other half was deposited in the valley bottom. About 7–8 × 106 kBq of the 137Cs inventory 
flowed out of the catchment area, which was only about 2% of the 137Cs fallout after the Chernobyl NPP accident. 
About 89% of the total 137Cs reserve is concentrated in the top (0–25 cm) layer of soils, regardless of land use or 
location within the catchment.   

1. Introduction 

The Chernobyl accident, which occurred on April 26, 1986, caused 
radioactive contamination across a large area of the East European Plain 
(EEP). More than 200 thousand km2 of Europe was contaminated with 
radioactive 137Cs (over 0.04 MBq of 137Cs per m2), and 71% was 
deposited in the three most affected countries, Belarus, Russia, and 
Ukraine (Higley, 2006). Radio-Cs, or 137Cs, is a relatively long-lived 
radionuclide with a half-life of 30.2 years. The spatial distribution of 
Chernobyl-derived 137Cs fallout was controlled by two main factors: the 
trajectories of air mass transport and the intensity of precipitation 2–3 

weeks after the explosion at the Chernobyl nuclear power plant (NPP) 
(Izrael et al., 1996; Gaydar and Nasvit, 2002). 137Cs is rapidly and firmly 
adsorbed on mineral soil, particularly on fine and clay particles (Cho 
et al., 1996; Walling et al., 2006; Takahashi et al., 2017). The redistri-
bution of 137Cs within the EEP is associated with tillage erosion and the 
sheet, rill, and ephemeral gully erosion processes that occur during 
spring snowmelt (March–April) or summer rainstorms (Gusarov et al., 
2019). 

Some studies were conducted in the Plavsk radioactive hotspot area 
on the eastern track of the Chernobyl fallout (Golosov et al., 1999a, 
2000, 2011; Kvasnikova et al., 2009; Ivanov et al., 2016; Mamikhin 
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et al., 2016; Komissarova and Paramonova, 2019). Golosov et al. 
(1999a, 2000) revealed considerable spatial heterogeneity in the center 
of the Plavsk radioactive hotspot: the inventories of 137Cs varied from 
368 ± 56 to 559 ± 93 kBq⋅m− 2 in arable chernozems located in different 
local interfluves. A significant decrease in the 137Cs content of arable 
soils on slopes, and the subsequent 137Cs accumulation in the alluvial 
soils at the bottom of river valleys, were also recorded. 

137Cs budgets have been estimated during the study of global 
stratospheric depositions of radionuclides formed after nuclear bomb 
tests (Longmore et al., 1983; Vanden Berge and Gulinck, 1987; Suther-
land and de Jong, 1990; Owens et al., 1997), and of tropospheric fallouts 
associated with accidents at NPPs (Walling et al., 2000; Panin et al., 
2001; Golosov et al., 2018). Detailed estimates of the redistribution of 
sediments and 137Cs were undertaken within small catchments (Ritchie 
et al., 1974; McHenry and Ritchie, 1975; Golosov et al., 1999b, 2013; Li 
et al., 2003; Ming-Yi et al., 2006; Porto et al., 2016; Varley et al., 2018). 
Studies conducted in the first decades after the Chernobyl accident did 
not indicate significant 137Cs redistribution on eroded slopes (Litvin 
et al., 1996; Golosov and Markelov, 2002). However, 137Cs reserves later 
increased in sediment sinks, particularly in dry valley bottoms, owing to 
the re-deposition of sediments, delivered by surface runoff from culti-
vated slopes (Fridman et al., 1997; Panin et al., 2001; Mamikhin et al., 
2016). 

137Cs is one of the most dangerous pollutants; therefore, detailed 
studies of its migration are relevant and important. Like many other 
pollutants, 137Cs reaches the soil surface with wet fallout and is rapidly 
and strongly adsorbed by clay and organic colloids within the soil 
(Ritchie et al., 1974). 137Cs has limited mobility through chemical 
processes. Physical processes associated with the erosion, transport, and 
deposition of sediment particles, and with cultivation, represent the 
majority of 137Cs redistribution (Sutherland and de Jong, 1990). The 
lateral migration trends obtained for 137Cs can be used to predict the 
spatial redistribution of other pollutants that also appear from the at-
mosphere and are transported with solid matter (for example, polycyclic 
aromatic hydrocarbons, especially benzo[a]pyrene, heavy metals, hex-
achlorobenzene, DDT, other radionuclides, and many other pollutants). 
In previous publications (Samonova et al., 2015; Koshovskii et al., 2019) 
on the studied catchment, other pollutants (heavy metals and polycyclic 
aromatic hydrocarbons) and sediment transport were also analyzed. 
This study aimed to evaluate the spatial (lateral) and vertical redistri-
bution features of Chernobyl-derived 137Cs within a small agricultural 
catchment of the first order (Horton system), three decades after the 
Chernobyl incident. 

2. Materials and methods 

2.1. Study area 

The study site is a small agricultural catchment located in the so- 
called “Plavsk Radioactive Spot” in the Tula region of Central Russia 
(Fig. 1A). This territory was recognized as one of the most radioactively 
contaminated areas in Russia after the Chernobyl accident, despite being 
located far from the Chernobyl NPP. An initial estimate of 137Cs soil 
contamination in the “Plavsky Radioactive Spot” in 1986 was as high as 
185–555 kBq⋅m− 2 (Izrael and Bogdevich, 2009). Currently, the 137Cs 
contamination remains extremely high (Evangeliou et al., 2016). 

The catchment is in the northern part of the forest–steppe zone of the 
EEP and contains the right side tributary of the Lokna River (left trib-
utary of the Plava River), 4 km south-west of Plavsk city (Fig. 1A). The 
catchment area is 0.96 km2 (Fig. 1B). The studied catchment is used as 
tillage and is considered representative of the “Plavsky Radioactive 
Spot” territory in terms of relief, land use, and soil cover. Comparing the 
main morphometric characteristics of the studied catchment to other 
catchments of similar size in the Lokna River basin, allowed us to classify 
its main morphometric characteristics as typical (Table 1S). 

The climate of the territory is moderately continental (Dfb according 

to the Köppen-Geiger climate classification), with moderately cold 
winters and the warm summers. The coldest month is January (− 9.7 ◦C) 
and the warmest month is July (+19.5 ◦C). The average annual pre-
cipitation varies from 425–785 mm (https://rp5.ru/). The territory re-
mains under snow for 115–130 days from December until March. The 
mean water reserve in the snow in March is 125–150 mm. The parent 
material is carbonate loess. Soil cover on the summit and upper parts of 
the slopes is represented by Luvic Greyzemic or Luvic Chernic Phaeo-
zems (Loamic, Aric, and Pachic). On the lower parts of the slopes, the 
soil cover is dominated by Luvic Greyzemic Phaeozems (Epiloamic, 
Endoclayic, Aric, Differentic, and Episiltic). Soil erosion is observed 
mostly on cultivated slopes during spring snowmelt and heavy rain-
storms (May–September). 

The contemporary typical crop rotations include oats (Avena), wheat 
(Triticum), rye (Secale cereale), barley (Hordeum), buckwheat (Fagopyrum 
esculentum), potatoes (Solanum tuberosum), and soy (Glycine max). 
Earlier in the 1990s and 2000s, perennial grasses were included in the 
crop rotation. The non-plowed virgin parts of the catchment are occu-
pied by grass communities including European slough-grass (Beck-
mannia eruciformis), meadow foxtail (Alopecurus pratensis), annual 
meadow grass (Poa annua), and tansies (Tanacetum). 

The catchment has been used as tillage for more than 250 years 
(Atlas of Tula, 1784). The lower boundary of the plowed land is marked 
by “plow ramparts” (shafts), positive topographic forms 0.4–0.7 m high 
which appear at the edges of cultivated fields owing to the regular 
mechanical movement of soil during tillage. In the early 1990s, the 
boundary of the plowed land was moved further upslope and new plow 
ramparts were formed. Currently, two continuous plow ramparts of 
different ages can be easily identified along the lower boundary of the 
cultivated slopes (Fig. 1B). 

2.2. Reference inventories of 137Cs and reconstruction of the initial 
radioactive contamination 

To check the initial Chernobyl-derived 137Cs fallout, four reference 
plots were studied on relatively flat upper parts of the slopes (R1, R2, R3, 
and R4) at a distance 0.1–2.5 km from the studied catchment (Fig. 2). In 
reference plots R2, R3, and R4, bulk soil samples were collected using a 
hand sampler at 10 points arranged in a spiral (9 m wide) from depths of 
0–25 and 25–50 cm. In reference plot R1, bulk soil samples were 
collected using a hand sampler at 20 points, arranged in two spirals. 

The interpolation of the 137Cs reference inventories was carried out 
in ArcGis 10.1 using an inverse distance-weighted interpolation method. 
The initial 137Cs fallout after the Chernobyl NPP accident was calculated 
by multiplying the interpolated reference inventories by the half-life 
coefficient of 137Cs, which, for a period 32 years (1986–2018), is 
equal to 2.12. 

2.3. Sampling and analytical measurements 

Soil samples from the plowed land and abandoned plowed land were 
collected using a hand sampler (JMC, Newton, IA, USA; inner diameter: 
4.5 cm) from depths of 0–25 and 25–50 cm at 77 sampling points along 
eight catenas (Fig. 1B). The selection of the sampling points in the 
sediment sink sites was based on an analysis of the terrain morphology. 
Within the uncultivated virgin parts of the catchment, incremental soil 
samples were collected, mainly from soil pits (1 m in length, 0.5 m in 
width, and 1.5 m deep). Five soil pits were excavated in the dry valley 
bottom (Fig. 3B, points T1, T3, T4, T5, T6) and five soil pits were studied 
on the sides of the valley (Fig. 3B, points B5, B6, B7, B8, B9). A detailed 
description of the soil profiles was conducted before sampling. The 
profile face with the lowest disturbance by bioturbation was selected for 
sampling. Soil samples were collected from a 15 × 15 cm area at 3–5 cm 
depth increments. In total, about 210 soil samples were collected using 
the hand sampler from 120 points (in the plowed and abandoned plowed 
land) and about 165 soil samples were collected from 10 soil pits (in the 
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Fig. 1. 137Cs contamination of the Tula region (Russia) after the Chernobyl nuclear power plant accident and the location of the study catchment (A); land use and 
topographic features of the studied catchment and contemporary 137Cs inventories at the sampling points (B). 
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virgin part of the catchment). 
The soil samples were oven-dried at 105 ◦C to constant weight, 

crushed using a mortar and pestle, sieved through 2-mm mesh, and 
prepared for γ-analysis. The 137Cs activity of the homogenized samples 
was measured at 661.66 keV using a semiconductor gamma-ray spec-
trometer equipped with an HPGe detector. The spectrometers were 
manufactured by the Green Star Instruments company (type SKS-07 (09) 
P-G-R). With this equipment, the permissible fundamental relative error 
in measuring activity in point geometry is less than ±10%. To unify the 
data obtained during several years of research, all 137Cs inventories were 
recalculated taking the half-life of the radioisotope as of January 1, 2018 
into account. 

2.4. 137Cs budget evaluation 

2.4.1. Expert assessment 
The catchment was divided into sections with different intensities of 

137Cs loss and gain (the plowed and non-plowed parts of the catchment 
separately). The individual sections of the slopes within the plowed land 
were allocated along the lines of local micro-watersheds, delineating the 
area according to morphological features (Fig. 3A). The morphometric 
characteristics of the selected sections were analyzed to confirm the 
validity of this visual separation. The following parameters were 
considered: slope steepness, longitudinal slope profile, and runoff line 
length (Tables 2S–4S). Currently, plowing is carried out on slopes with 
small gradients, rarely exceeding 6◦ (Table 2S). In general, slope 
gradient increases from the upper parts of the slope (section 5P) to its 
lower parts (sections 1P, 2P). Longitudinal slope profile changes from 
predominantly divergent in the upper sections of the catchment (section 

5P) to divergent–convergent in the lower areas (sections 1P, 2P) 
(Table 3S). Runoff line length is distributed rather evenly across the 
different sections (Table 4S). However, section 4P is characterized by 
relatively high runoff line lengths. This can be explained by the presence 
of hollows, which cross the left side of the dry valley and act as pathway 
for temporary surface runoff. The catenas were considered representa-
tive for estimating 137Cs redistribution within the sections. Each point 
participated equally in the estimation of the final average value of the 
change in radioisotope stocks. 

On the sides and bottom of the dry valley, the redistribution of 
sediments is primarily controlled by the shapes of the slopes and their 
dissection by hollows. In addition to these natural factors, the redistri-
bution of sediments is influenced by anthropogenic plow ramparts, 
which are artificial obstacles to downslope water flow and sediment 
transport. The non-plowed sides of the dry valley were divided into the 
following sections (Fig. 3B): 

1S. The left and right sides of the dry valley in the middle and lower 
reaches. There are no hollows on the interfluve slope. Two genera-
tions of continuous plow ramparts are clearly identifiable in the re-
lief (Fig. 3B). 
2S. The section in the headwater of the dry valley. The interfluve 
slope and the side of a small valley on the left side are dissected by a 
series of subparallel hollows. The hollows cut through contemporary 
and old plow ramparts and stretch to the bottom of the dry valley, 
forming a fan imposed both on the bases of the sides and the bottom 
of the valley. 
3S. The starboard area in the middle course. Only one plow rampart 
has formed in this section (the plowed land boundary has not been 
moved). One large hollow is clearly visible on the interfluve slope 
above this section. 

The dry valley bottom was divided into the following sections 
(Fig. 3B): 

1B. The upper reaches of the dry valley bottom. It is now abandoned 
plowed land. This part of the bottom is a gentle hollow with no 
clearly defined sides. The contemporary plow ramparts are poorly 
identifiable in the relief. Numerous hollows stretch from the left side 
to the top of the dry valley. 
2B. The middle reaches of the valley bottom, where it bends. The 
bottom width is only 4–5 m. The dry valley has a trapezoidal cross- 
section and the sides are well defined. Secondary cuts are detectable. 
3B. The middle reaches of the valley bottom. A segment about 500 m 
long, fairly straight, and 25–40 m wide. 
4B. The estuarine part of the valley bottom. The width is 12–15 m. 
The transverse profile of the valley is characterized by asymmetry, 
with a relatively flat left side and a steeper right side. There are 
secondary cuts. 

The 137Cs budget was calculated according to equation (1): 

B=
∑n

i=1
[(xCi − xRi)× Si] (1)  

where B is the total 137Cs loss (negative value, kBq⋅m− 2) or gain (positive 
value, kBq⋅m− 2) within the catchment, xCi is the arithmetic mean of the 
137Cs inventories (kBq⋅m− 2) at all points inside section i, xRi is the mean 
reference inventory (kBq⋅m− 2) of the 137Cs in section i, Si is the area of 
section i, and n is the number of sections. 

2.4.2. Assessment by automatic GIS-interpolation 
The automatic interpolation of the 137Cs inventories was performed 

in ArcGIS 10.1 using the “Inverse Distance-Weighted Interpolation” 
method. Interpolation was carried out separately for the plowed and 
non-plowed parts of the catchment, and used all the sampling points 

Fig. 2. Location of the reference plots and the interpolation of 137Cs reference 
inventories within the studied catchment. 
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from the plowed or non-plowed land. The raster of the interpolated 137Cs 
reference inventories was subtracted from the raster of the interpolated 
137Cs inventories for the sampling points using the “raster calculator” 
tool. The obtained rasters were exported in the form of tables. The sum 
of the negative values multiplied by the area of cells (4 × 4 m) consti-
tuted the loss component of the budget, while that of the positive values 
gave the gain component of the budget. The 137Cs inventory removed 
through the catchment outlet was calculated as the difference between 
the 137Cs losses and gains within the catchment. 

3. Results 

3.1. Reference inventory of 137Cs and reconstruction of the initial 137Cs 
contamination of the studied territory 

There were significant differences in the average 137Cs inventories 
across the reference plots. The maximum level was found in the R1 plot 
(186 ± 23 kBq⋅m− 2), while the minimum was confined to the R4 plot 
(73 ± 6 kBq⋅m− 2) (Fig. 2, Table 1) The average 137Cs inventory in the 
reference plot soils was 135 ± 24 kBq⋅m− 2. Within plots R2 and R4, the 
coefficients of variation did not exceed 15% (Table 1), indicating suffi-
cient homogeneity in the contamination density values within the 
sampling sites. In plot R1, the coefficient of variation of the 137Cs in-
ventories was 23%, and in plot R3, it was nearly the same (26%). Local 
variation in 137Cs soil contamination was determined by the homoge-
neity of the radionuclide deposition from the atmosphere, the presence 

of rainfall after the accident, micro-landscape conditions at the sampling 
points (in particular, micro-relief features and pedoturbation), and local 
anthropogenic influences. 

Fig. 2 shows the interpolation of 137Cs reference inventories within 
the studied catchment. This map shows the presence of a gradient, with 
an increase in the 137Cs initial fallout from 130 kBq⋅m− 2 in the SE of the 
studied catchment to 185 kBq⋅m− 2 in the NW. Thus, considering the 
period of decay, the initial fallout of 137Cs after the Chernobyl NPP ac-
cident ranged from 276 kBq⋅m− 2 in the SE of the studied catchment to 
392 kBq⋅m− 2 in the NW. These estimates, and the presence of a NW–SE 
gradient, correspond with the radiation pollution surveys carried out 
immediately after the Chernobyl NPP accident (Fig. 1A). 

Fig. 3. General scheme of dividing of the whole catchment into sections and location of the sampling points (A) and scheme of dividing of the sides and the bottom of 
the dry valley into sections and location of the sampling points (B). 

Table 1 
137Cs inventory statistics for the reference plots (see Fig. 2 for their locations 
within the catchment).  

Reference 
plots 

Number of 
sampling points 

Average137Cs 
inventory, kBqˑm− 2 

Coefficient of variation 
of137Cs inventories, % 

R1 20 186 23 
R2 10 140 14 
R3 10 141 26 
R4 10 73 9  
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3.2. Contemporary distribution and budget of 137Cs 

Currently, there is strong variation in the soil 137Cs inventories. The 
137Cs inventories at all the studied sampling points varied from 67 to 
306 kBq⋅m− 2 (Fig. 1B). Two-fold, and even almost three-fold, variations 
in 137Cs inventories were recorded within 100–150 m slopes in the 
plowed land. Half of the investigated catenas revealed high 137Cs in-
ventories (207, 216, 218, and 219 kBq⋅m− 2) in the central parts of the 
plowed slopes, exceeding the reference 137Cs inventories by 20–30%. 
This likely indicates zones of intra-slope sediment accumulation in the 
plowed land. 

The sides of the dry valley were divided into three sections. However, 
the research results revealed the necessity for a more detailed separation 
of these areas, which differed in their sediment redistribution processes. 
Sections 1S (Fig. 3B) was divided into the upper part, representing 
abandoned plowed land, and the lower part, which had never been 
plowed (virgin land). These parts are well distinguished by plow ram-
parts. In the upper part, the average 137Cs inventory varied from 67 to 
137 kBq⋅m− 2 (110 kBq⋅m− 2 on average) (Table 2), corresponding to 
137Cs loss. In the virgin part of the slope, the 137Cs inventories varied 
from 128 to 228 kBq⋅m− 2 (157 kBq⋅m− 2 on average). Section 2S was also 
divided into two parts (inside and outside the hollows) characterized by 
different rates of sediment accumulation. The inventory of 137Cs in the 
hollows was as high as 255–260 kBq⋅m− 2, and the thickness of the 
sediment reached 12 cm (Table 2, Fig. 4, point B10). The vertical 
migration of 137Cs in soil is very low and, without erosional processes 
and agricultural impacts (such as plowing, grassing, etc.), 137Cs remains 
in the top layer (no deeper than 3 cm) for an extended period (Konoplev 
et al., 2016; Komissarov and Ogura, 2018). Thus, the 137Cs peak in the 
deeper soil indicates accumulation of sediment above the peak. At point 
B10 (Table 2, Fig. 4), the peak of 137Cs in the untilled hollows was found 
at a depth of 12 cm, owing to the burial of the initial peak layer by 
sediments delivered through surface runoff. The high inventory of 137Cs 
indicates the accumulation of sediments washed away from the plowed 
land. The thickness of the post-Chernobyl period sediments were diag-
nosed using a diagram showing the vertical distribution of 137Cs (Fig. 4). 
Outside the hollows the 137Cs inventory was much lower (179 kBq⋅m− 2), 
corresponding to low deposition. These results indicate that the hollows 
are important pathways of sediment and 137Cs delivery to the bottom of 
the dry valley in this part of the catchment. All of section 3S is virgin 
land, and fairly homogeneous in terms of sediment deposition. The 137Cs 

reserve was 201 kBq⋅m− 2 (Table 2). The thickness of the post-Chernobyl 
deposition layer was only 3 cm (point TPB-9, Fig. 4). In this section, the 
plowed land boundary remained unchanged over a considerably long 
period. The front part of the plow rampart is now practically filled with 
sediment. During extreme erosion events, the flow runs against the 
rampart and sediments are delivered to the virgin side of the dry valley. 

Point B-6 is on the side of the valley in the lower reaches of the 
catchment, outside the natural catchment boundary (Fig. 3B). The 137Cs 
reserve is extremely high at this point—313 kBq⋅m− 2, which is the 
highest in all the studied territory. The thickness of the sediment 
deposited over the last 30 years was 12 cm. The sediment and 137Cs 
accumulation at this spot are probably related to the influence of the 
plow rampart. In the lower reaches of the catchment, the plow rampart 
has a relative height of 1–1.5 m and a length of 200–300 m. Flowing 
water cannot overcome this rampart and runs along it until it turns. At 
the turn of the rampart, the front of it is filled with sediments, allowing 
the water to flow over the rampart and sediment to accumulate on the 
virgin side of the dry valley, outside the natural boundary of the 
catchment. 

The bottom of the dry valley is the area of primary 137Cs accumu-
lation. Section 1B is in the upper part of the valley bottom (Fig. 3A and 
B). In this spot, the thickness of the post-Chernobyl sediment is about 8 
cm, and the 137Cs reserves are high (257 kBq⋅m− 2) (Table 2). In section 
2B (Fig. 3B), the width of the bottom is significantly narrower than in the 
adjacent sections. Numerous secondary incisions are visible in this part 
of the bottom. An almost two-fold decrease in 137Cs reserves (119 
kBq⋅m− 2 at point T6) in the buried peak compared with the overlying 
layers, was recorded here. Thus, in this part of the bottom, sediment loss 
occurs simultaneously with sediment deposition. This is most likely 
caused by the concentration of the flow in the constriction, as well as the 
receipt of additional water and sediment from the left-bank hollow. 
Downstream of this, in section 3B, the bottom expands to 30–40 m 
(Fig. 3 A), contributing to the formation of a deposition zone extending 
almost to the lower reaches of the dry valley. It contained extremely 
high 137Cs reserves (285–293 kBq⋅m− 2, points T4 and T5), as well as a 
thick layer (15 cm) of post-Chernobyl accumulation. In the lower rea-
ches of the dry valley bottom (Fig. 3A and B, section 4B), secondary 
incisions appear again. The 137Cs reserves decrease to 202 kBq⋅m− 2 and 
the post-Chernobyl accumulation layer also decrease to 12 cm (Fig. 4, 
point T1). Thus, the mouth of the bottom is a transitional region, where 
both the transfer and deposition of solid material occur. 

Fig. 4. The depth distribution of 137Cs inventory (kBq⋅m− 2) in the soils on the valley sides (top row; green color bars) and in the valley bottom (bottom row; brown 
color bars). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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The 137Cs budget is presented in Tables 2 and 3. In the plowed land, 
within sections 1P, 2P, 4P, and 5P, 137Cs loss prevails, amounting to 
12.7 × 106 kBq total 137Cs loss from the plowed land. Within section 3P, 
the average 137Cs inventory exceeded the initial 137Cs contamination 
(taking radioactive decay into account), which may be owing to the 
deposition of sediments carried from upslope (from section 5P) or to 
calculation errors caused by the insufficiency of the spatial data on the 
initial 137Cs contamination. The gain of 137Cs in section 3P was 1.1 × 106 

kBq (Table 3). On the sides and in the bottom of the dry valley, the total 
loss of 137Cs was 1.1 × 106 kBq, and the gain was 3.8 × 106 kBq, ac-
cording to the expert assessment. In particular, the 137Cs gains on the 
sides of the dry valley were 1.5 × 106 kBq and the 137Cs gain in the 
bottom of the dry valley was 2.3 × 106 kBq. Thus, about 25% of the total 
137Cs gain within the entire catchment was in the arable land area, about 
25% on the sides of the dry valley, and about 50% in the valley bottom, 
according to the expert assessment. 

The 137Cs budget was also calculated using an alternative method of 
automatic interpolation. The estimates of 137Cs loss obtained using the 
different methods were relatively similar, but the estimates of 137Cs gain 
obtained using the different methods differed almost 2-fold (Table 3). 

To identify the features of the vertical distribution of 137Cs in soils, 
we compared the isotope reserves in the topsoil (upper 25 cm) with the 
total soil reserves (in 50 cm). At 20 points in the reference plots, the 
137Cs reserves in the upper 25-cm layer made up 87 ± 8.8% of those in 
the 50-cm layer. In the plowed land, this parameter amounted to 89 ±
10.7%, using 66 points. In the virgin soils along the borders and bottom 
of the dry valley, this parameter amounted to 92 ± 3.3%, using 10 
points. The depth of the Chernobyl-derived 137Cs peaks in the soil pro-
files at the sides and bottom of the dry valley did not exceed 15 cm. The 
average sediment accumulation depth was about 7 cm, corresponding to 
an average sediment accumulation rate of about 0.2 cm per year. In 
total, at the 96 sampling points, the 137Cs reserves in the top 25-cm soil 
layer were 88.5 ± 9.8%. 

4. Discussion 

The initial 137Cs fallout within the Plavsk radioactive hotspot terri-
tory was very heterogeneous, as shown by the radiation pollution sur-
veys carried out immediately after the Chernobyl NPP accident 
(Fig. 1A). The research revealed a clear SE–NW trend of 137Cs reference 
inventories within the studied catchment. This trend is still clearly 
manifested at the sampling points in the flat upper parts of the slopes. 
However, this trend did not appear in the contemporary 137Cs in-
ventories of points in the plowed and eroded parts of the slopes, on the 
sides and at the bottom of the dry valley. 

The heterogeneity of the initial 137Cs fallout must be considered in 
the budget estimates. To reveal the effect of initial 137Cs fallout het-
erogeneity, the 137Cs budget was compared with one calculated based on 
the reference values taken from the nearest reference plot (R1) (Fig. 2). 
If the 137Cs fallout heterogeneity is not taken into account, the calcu-
lations reveal a 1.8-fold increase in losses and a 2.5–4-fold decrease in 

accumulation, depending on the method of interpolation used. 
The 137Cs budgets calculated using different methods are presented 

in Table 3. The differences in estimated 137Cs losses are small—in the 
range of 0.6 × 106 kBq for the entire catchment. However, the differ-
ences in estimated 137Cs gains are significant—in the range 3.0 × 106 

kBq. The sides and bottom of the dry valley are characterized by high 
heterogeneity in their 137Cs inventories. At a scale of tens of meters, a 
sharp change in 137Cs reserves was recorded. For example, at point T4, 
the 137Cs inventory was 293 kBq⋅m− 2 and 30 m north (on the side of the 
dry valley) the 137Cs inventory was only 128 kBq⋅m− 2; and at point B10 
on the side of the dry valley (in the hollow bottom) the 137Cs inventory 
was 260 kBq⋅m− 2 and 20 m away, at point T6 in the valley bottom, the 
137Cs inventory was only 119 kBq⋅m− 2 (Figs. 1B and 2). Such high 
heterogeneity of 137Cs inventories leads to the overstatement of 137Cs 
gain when automatic interpolation is applied, while the expert-visual 
assessment should estimate the 137Cs gain more accurately. However, 
the automatic interpolation method is more convenient for assessing 
changes in 137Cs inventories on plowed slopes, especially when the 
heterogeneity of the initial 137Cs fallout is taken into account. If sam-
pling was carried out using a regular grid, rather than along the catenas, 
the differences in the sediment balances calculated by the different 
methods would probably be higher, and the automatic interpolation 
method would make it possible to estimate the 137Cs budget in the 
plowed land more accurately. Thus, in our opinion, it is better to esti-
mate 137Cs budgets in plowed land using automatic interpolation, and 
on the sides and bottoms of the dry valley using expert assessment. 

Budget calculations indicate that about of 35–55% of the 137Cs that 
washed away from the plowed land was re-deposited inside the studied 
catchment on the sides and in the bottom of the dry valley, and in the 
bottoms of the hollows. The rest of the 137Cs (45–65%) was washed out 
of the catchment (Table 3). These results do not contradict the data 
presented by Fridman et al. (1997) 10 years after the Chernobyl acci-
dent. The data showed that about 70% of the sediment entering the 
tributaries from the arable land was transported by flows to the bottom 
of the main valley. In general, the 137Cs data for catchments of different 
sizes and regions differ significantly in the literature. Shamshurina 
(2009) studied a catchment (2 km2) located 300 km SW of Plavsk in 
Kursk Oblast. A significant portion of the slopes in this catchment (70%) 
underwent various anti-erosion measures. It was found that, from the 
total volume of 137Cs displaced in solid runoff, about 80% was deposited 
within the slopes and at their base and 20% reached the bottom of the 
dry valley. The study of a small catchment area (14.8 km2) in southern 
Italy (Porto et al., 2014) showed that 63% of the 137Cs reserves were 
significantly lower than the reference value, indicating the removal of 
the radionuclide, and about 22% were significantly higher, indicating 
accumulation. The authors concluded that, over the last decades, there 
had been a noticeable mobilization of Cs-containing sediments and 38% 
had moved out of the catchment area. In Spain (Navas et al., 2017), 28 
fields with varying slope lengths, gradients, and time after land aban-
donment were selected for radioisotope studies. The local reference in-
ventory was estimated at 4500 Bq⋅m− 2. In the catchments, the average 
137Cs reserves in the upper parts of the slopes were ~3900 Bq⋅m− 2, 
while at the bottom of the slopes, where soil accumulation took place, it 
was higher (~5300 Bq⋅m− 2). The deviations in 137Cs reserve values from 
the reference plots were highest (over 20%) in the fields with the longest 
slopes. The greatest losses and gains of 137Cs reserves were found in the 
fields with the longest duration of land abandonment, indicating a more 
intensive redistribution of soil particles. Irrespective of the timing of 
abandonment, the 137Cs inventory ranges in the fields were found to be 
proportional to the water erosion index. Concurrently, Rodrigo-Comino 
et al. (2018) suggested that soil erosion rates depend on the duration of 
land abandonment; soil losses decrease with increasing abandonment 
duration. 

In the plowed land the 137Cs inventories vary from 77 to 306 
kBq⋅m− 2, on the sides of the dry valley the 137Cs inventories vary from 
67 to 313 kBq⋅m− 2, and at the bottom of the dry valley the 137Cs 

Table 3 
137Cs budget estimated using different methods.   

Expert assessment Automatic interpolation 
137Cs inventory, kBq × 106 137Cs inventory, kBq × 106 

Plowing part of the catchment 
Loss 12.7 14.0 
Gain 1.1 2.7 

Non-plowed parts of the catchment (sides and bottom of the dry valley) 
Loss 1.1 0.3 
Gain 3.8 5.2 

Entire catchment area 
Gross loss 13.8 (100%) 14.4 (100%) 
Gain 4.9 (36%) 7.9 (55%) 
Net loss 8.9 (64%) 6.5 (45%)  
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inventories vary from 119 to 293 kBq⋅m− 2. Thus, the 137Cs inventories 
are very heterogeneous in the study catchment across all relief elements, 
regardless of land use. 

The highest 137Cs inventories were observed in the sediment accu-
mulation zones, mainly confined to the lower parts of the studied 
catchment. Similar results, of higher 137Cs inventories in lower slope 
sections, were found in other climatic conditions (Mabit et al., 2009; 
Navas et al., 2011; Komissarov and Ogura, 2017). However, a specific 
feature of the studied catchment is the large proportion of the intra-slope 
accumulation found in the arable land (about 25% of the total 137Cs 
gain). Extremely high 137Cs inventories were revealed in the hollow 
bottoms in the lower parts of the slopes and along the valley sides, 
indicating the significance of hollows in the migration of 137Cs in sec-
tions 4P and 5P. In the bottom of the dry valley, about 50% of the total 
137Cs gain was detected. However, in some sections (2B, 4B), secondary 
incisions and relatively low 137Cs inventories indicate simultaneous 
137Cs loss and gain. The intra-slope accumulation in the non-plowed 
sides of the dry valley in the estuary of the catchment was mainly 
associated with the presence of plow ramparts. They changed the di-
rection of sediment flow, leading to the removal of part of the sediment 
in the main valley, bypassing the dry valley of the studied catchment. 
Therefore, the maximum 137Cs inventories (313 kBq⋅m− 2) were detected 
at point B-6 outside the natural boundary of the catchment, despite these 
sediments having been washed from plowed land in the catchment. 

Analysis of 137Cs depth distribution showed that the dominant 137Cs 
reserves in the studied soils were in the top 25-cm layer: 87 ± 8.8% in 
the reference plots, 89 ± 10.7% in the plowed land, and 92 ± 3.3% in the 
virgin soils along the borders and bottom of the dry valley. The vertical 
migration of 137Cs into the subsoil in the studied catchment is caused by 
diffusion, agro- and pedoturbations of the soil, and migration in dead 
roots holes and with live root secretions (Fokin et al., 2011). Many 
studies on the vertical distribution of radioactive Cs have indicated that 
most of the 137Cs fallout remains in the soil surface layer (Arapis et al., 
1997; Mamikhin et al., 2016), and in general, soil 137Cs decreases 
steadily with increasing depth (e.g., Bunzl et al., 1995; Walling and He, 
1999). Bunzl et al. (2002) established that most of the 137Cs would 
accumulate in the root layer (0–7 cm) of a pasture, 20, 50, and 100 years 
after deposition. Komissarov and Ogura (2018) found that 80% of the 
total 137Cs is accumulated at depths of 0–2.5 cm in untilled pastures, and 
90% in the 0–20-cm layer in plowed fields. They also found that plowing 
reduces the air dose rate by 30–50%. Mabit et al. (2008) estimated that 
the 137Cs activity in agricultural fields varied according depth. On 
average, around 65% of the total 137Cs inventory was concentrated in 
the 0–20 cm depth increment, 25% in the 20–30 cm increment, and less 
than 10% in the last increment (30–40 cm) under the plow layer. In a 
cultivated field, where the upper soil layer is mixed annually by plow-
ing, the 137Cs is distributed uniformly and, with the exception of soils 
which adsorb this radionuclide only weakly, the deposited 137Cs will 
essentially remain contained in this soil layer (Schimmack and Bunzl, 
1986). In addition, plowing contaminated soil will dilute the radionu-
clides in a larger soil volume, and they will also have more contact with 
mineral surfaces, thus increasing their fixation to the frayed edge sites of 
clay minerals (Larsson, 2008). 

The contemporary 137Cs inventories in the soils of the studied 
catchment reached 306 kBq⋅m− 2. According to the radiological zoning 
of Russia (Russian Federal Law, 1991), the study area could therefore be 
classified into two zones: a) a zone with the right to reset-
tlement—territory with a137Cs radionuclide soil contamination density 
of 185–555 kBq⋅m− 2 (5–15 Ki⋅km− 2); and b) a residential zone with 
periodic radiation monitoring—a territory with a137Cs radionuclide soil 
pollution density of 37–185 kBq⋅m− 2 (1–5 Ki⋅km− 2) in which the 
average annual effective dose to the population should not exceed 1 mSv 
per year (over the level of natural and technogenic background Cs). A 
territory with an average contamination density less than 37 kBq⋅m− 2 

(1Ki⋅km− 2) is classified as free of radioactive contamination. Bruk et al. 
(2017) reported that the average annual effective dose (SGED90) in the Ta
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Tula region in 2017 did not exceed 1 mSv per year. The SGED90 was less 
than 0.3 mSv per year at 1195 settlements (out of a total of 1215 in the 
Tula region) and was between 0.3 and 1.0 mSv per year at only 20 
settlements, with a maximum of 0.46 mSv per year. 

The current 137Cs reserves in soils used for agriculture in the studied 
catchment varied from 67 to 306 kBq⋅m− 2 in the plowed land and 
67–293 kBq⋅m− 2 in the non-plowed land (virgin and abandoned plowed 
lands). According to regulatory documents (SanPiN, 2001; Join, 2004), 
the soil is suitable for agricultural production despite the high soil 
pollution levels. Land is considered fit for agricultural use if the reserves 
of 137Cs and 90Sr in the soil are below 1480 kBq⋅m− 2 (40 Ki⋅km− 2) and 
111 kBq⋅m− 2 (3 Ki⋅km− 2), respectively (Russian Federal Law, 1991). 
The area of abandoned land in the Russian Federation where the soil 
radioactive contamination exceeds the permissible level and the lands 
are not considered suitable for agriculture, amount to 17.1 thousand ha 
(Jacob et al., 2009). Of this, 9.8 thousand ha is hayfields and pastures, 
and 7.3 thousand ha is plowed land. Approximately 2.9 million ha of 
agricultural land have been declared “radioactively contaminated,” with 
137Cs soil contamination densities above 37 kBq⋅m− 2 (Alexakhin et al., 
2007). Therefore the Chernobyl accident had a strong effect on agri-
cultural land use, which was a major segment of the national economy in 
the affected areas within the forest–steppe zone, where plowed soils, 
represented by fertile Chernozems and Phaezems, exceeded 70% (Re-
gions of Russia, 2016). In addition to soil contamination, land aban-
donment, and agricultural losses, the government does not receive taxes 
from these landowners as radioactively contaminated lands used in 
agriculture and forestry are often excluded from the land tax system. In 
this case, their cadastral value is only used as an element of the state 
cadaster of real estate for reference purposes (Makarov et al., 2016). 

The catchment soils are suitable for crop production despite their 
high levels of 137Cs contamination. This conclusion was derived from 
studies carried out in the same area by Komissarova and Paramonova 
(2019) and Schneider et al. (2008). Komissarova and Paramonova 
(2019) found that the density of 137Cs soil contamination in the central 
part of the Plavsk radioactive hotspot ranged from 140 to 220 kBq⋅m− 2. 
In addition, the soil-to-plant transfer (TF) factor values are relatively 
small (n⋅10− 2–n⋅10− 3), not exceeding and even less than those recom-
mended by the IAEA’s tentative 137Cs TF values for agricultural crops 
growing in temperate climate conditions. Schneider et al. (2008) 
assessed the variability in 137Cs accumulation in the vegetative parts of 
young and mature field-grown maize hybrid shoots and grains at 
different sites in the Tula region that were occupied by Luvic Cherno-
zems with 137Cs contamination levels of about 509–564 Bq kg− 1. It was 
found that the 137Cs concentration ratios in the vegetative masses 
ranged from 1.07 × 10− 2 to 2.79 × 10− 2 in 2005 and from 1.60 × 10− 2 

to 3.30 × 10− 2 in 2006. For grains, the values were between 0.26 × 10− 2 

and 0.61 × 10− 2 in 2005 and between 0.38 × 10− 2 and 0.79 × 10− 2 in 
2006. These values, being below 1.4 × 10− 2, can be characterized as 
permissible according to the classification recommended by Nisbet and 
Woodman (2000) for the mature edible parts of cereals grown on loamy 
soil. 

5. Conclusion 

137Cs contamination in the center of the Plavsk radioactive hotspot is 
still high, with inventory levels 2–6 times higher than the safety stan-
dard. However, studies on 137Cs plant uptake (Schneider et al., 2008; 
Komissarova and Paramonova, 2019) imply the possibility of growing 
crops in such conditions. The initial 137Cs fallout was very heteroge-
neous, which must be taken into account in budget estimates. Total loss 
of 137Cs from the catchment area over the last three decades was 6.5–8.9 
× 106 kBq, which is only about 2% of the volume of the initial 137Cs 
fallout. The redistribution of 137Cs is largely controlled by hollows and 
plow ramparts. The hollows are important delivery pathways for sedi-
ment and 137Cs to the bottom and the sides of the dry valley. The plow 
ramparts contribute to sediment and 137Cs transport beyond the natural 

boundary of the catchment. The valley bottom is the zone of predomi-
nant sediment and 137Cs accumulation. However, locally, in the nar-
rowing area and in the mouth of the bottom, both the deposition and loss 
of sediment and 137Cs occur. A quarter of the 137Cs total gain was 
deposited within the arable land, a quarter within the non-plowed sides 
of the dry valley, and half in the valley bottom. The intensity of trans-
location of 137Cs into the subsurface horizons in Phaeozems is low. Over 
the past 30 years, only 11% of 137Cs penetrated below the plowed ho-
rizon, the remaining 89% was preserved in the upper 25-cm layer. The 
peak of 137Cs in the soil profiles on the sides and at the bottom of the dry 
valley did not exceed 15 cm. The results of this work illustrate the 
changes that have taken place in the radioactive hotspot after the 
Chernobyl NPP accident, and are also important for identifying the 
migration paths of various pollutants that might migrate with soil par-
ticles in an adsorbed form. 
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